Lycopene, the main carotenoid found in tomatoes and tomato-based products, has been reported to be protective against several types of cancer. Assessment of changes in plasma concentration of carotenoids following ingestion of lycopene-rich food sources does not necessarily predict changes in lycopene concentration or distribution of its isomers in other body tissues. Our aim was to determine the relationship between concentrations of lycopene and other tomato carotenoids in human serum and body tissues after tomato-oleoresin supplementation. Tomato lycopene oleoresin (30 mg/d) or a placebo was administered for 1 to 7 weeks to seventy-five volunteers undergoing elective haemorrhoidectomy or peri-anal fistulotomy. Carotenoid concentration and isomer distribution in blood and in the surgically removed skin and adipose tissues was measured by HPLC. The serum concentration of lycopene increased after supplementation from 0·26 (SD 0·12) to 0·52 (SD 0·25) mmol/l (n 35; P, 0·0001). In the placebo group (n 40), lycopene serum concentration did not change significantly. Serum lycopene concentration after treatment was 2·2-fold greater in the lycopene group than in the placebo group, a slightly higher ratio than that found in skin and adipose tissue (1·6-and 1·4-fold higher than the placebo, respectively). A significant correlation between serum and tissue concentrations was found for both b-carotene and lycopene in the placebo group, whereas in the lycopene-supplemented group the correlation between serum and tissues remained the same for b-carotene but for lycopene was weak. Lycopene supplementation did not significantly change the proportion of all-trans v. cis isomers in the serum and tissues, despite the fact that more than 90 % of the supplemented lycopene was in the all-trans form. These results show that tomato-oleoresin supplementation increases lycopene concentrations in serum and in adipose tissue and skin. The ability to increase lycopene levels in tissues is one of the prerequisites for using it as a food supplement with health benefits.
Lycopene, the main carotenoid in tomatoes, is one of the major carotenoids in human serum (Parker, 1989; Stahl & Sies 1992; Khachik et al. 1997) . Epidemiological studies have suggested that intake of foods rich in lycopene decreases the risk of several types of human malignancies, such as those of the prostate (Giovannucci et al. 1995) , breast (Zhang et al. 1997) , lung (Michaud et al. 2000) and digestive tract (Franceschi et al. 1994) . Giovannucci (1999) reviewed data from clinical and epidemiological studies and found that most of these studies show an inverse association between tomato intake or blood lycopene level and cancer risk. Chronic ingestion of lycopene decreased spontaneous mammary tumour development in mice and enhanced the immune response by increasing the number of helper T lymphocytes (Nagasawa et al. 1995; Kobayashi et al. 1996) . It has been found that lycopene is more potent than a-or b-carotene in inhibiting cell growth of various human cancer cell lines (Levy et al. 1995) . Two preliminary intervention studies reported that supplementation with natural tomato preparations in men with prostate cancer reduced the levels of serum prostatespecific antigen and positively modulated other parameters of the disease (Chen et al. 2001; Kucuk et al. 2001) .
The mechanism underlying the inhibitory effects of lycopene and other carotenoids involves interference in several intracellular pathways related to cancer cell proliferation. Such pathways include induction of gap-junctional communication between cells (Zhang et al. 1991 (Zhang et al. , 1992 , inhibition of the cell cycle progression (Karas et al. 2000; Nahum et al. 2001 ) and modulation of transcription by ligand-activated nuclear receptors or other transcription factors (Ben-Dor et al. 2001) . To achieve such intracellular effects the carotenoids should gain access to cells and tissues. Several studies have assessed the bioavailability of lycopene; however, results have been inconclusive, suggesting poor (Brown et al. 1989; Micozzi et al. 1992; Stahl & Sies 1992) , moderate (Gartner et al. 1997; Johnson et al. 1997) , or even good (Bowen et al. 1993) bioavailability. This ambivalence is probably due to differences in the food matrix or fat intake. Most of these studies measured bioavailability as an increase in plasma lycopene level. However, the increase in plasma carotenoid concentrations is not a direct measure of the amount of carotenoids absorbed. Therefore, it is important to measure carotenoids in tissues alongside plasma to learn about their distribution. But since tissue biopsies are very invasive and rarely available, this important issue is very difficult to assess. One exception is the buccal mucosa cells, which were used in two recent studies for monitoring tissue concentrations of carotenoids since these cells can be readily collected in a non-invasive manner (Paetau et al. 1999; Richelle et al. 2002) . The findings showed a significant correlation between plasma and buccal mucosa cells concentrations of lutein, b-cryptoxanthin, a-carotene and b-carotene, suggesting that plasma carotenoid concentrations are good biomarkers for tissue concentrations of these carotenoids. In one of these studies, however, the correlations for lycopene were weak and not significant (Paetau et al. 1999) , indicating that, unlike for most of the other major dietary carotenoids, buccal mucosa cells do not reflect plasma lycopene concentrations. On the other hand, Chen et al. (2001) found a positive correlation between serum lycopene and prostate lycopene concentrations in a recent study on patients with prostate cancer who consumed tomato-sauce-based pasta dishes (30 mg lycopene/d) for 3 weeks preceding their scheduled radical prostatectomy.
One factor influencing the bioavailability of lycopene is its stereochemistry. Lycopene is a highly unsaturated molecule containing thirteen double bonds, eleven of which are conjugated. The lycopene in tomatoes and tomato products comprises more than 90 % of the all-trans geometric isomer (Stahl et al. 1992; Richelle et al. 2002) . In contrast, more than 50 % of lycopene isomers in human tissues and blood are in several cis configurations.
The objective of the present study was to determine the bioavailability of tomato carotenoids in human tissues after tomato-oleoresin supplementation and to evaluate the relationship between serum and tissue concentrations. Another objective was to determine if the distribution of isomers in the body is affected by the supplementation of a higher proportion of the all-trans isomer. To address these questions, blood, skin and adipose tissue samples were acquired from patients who were given supplements of a natural source of tomato oleoresin before undergoing elective proctologic procedures.
Experimental methods

Subjects and treatment
The study had a double-blind, randomised, design with a tomato-oleoresin treatment group v. a placebo group. Volunteers (n 90), candidates for elective haemorrhoidectomy or peri-anal fistulotomy, were recruited from the local community a few days to a few weeks before surgery during the period November 1998 -October 2000. The participation of patients in the study did not interfere with their treatment plan and did not influence the time between diagnosis and surgery, which was determined solely by clinical considerations. The study was approved by the local medical ethics committee and the Israeli Ministry of Health. Subjects were asked to sign an informed consent form before entering the study and were randomly divided between the lycopene and placebo groups. Information on BMI, health habits and medical condition was obtained from the subjects and clinical records. The demographic characteristics of the two groups are displayed in Table 1 . There were no major differences between the groups that could affect the results.
The volunteers were given supplements of a natural source of lycopene or a placebo for a variable period of time before surgery (depending on the time between referral and surgery). Lycopene was administered as tomato oleoresin (LYC-O-MATO w ; LycoRed Natural Products Industries Ltd, Beer-Sheva, Israel), which is manufactured from proprietary lycopene-rich tomato varieties and formulated into soft-gel capsules. Each capsule contains 15 mg lycopene, and about 1·5 mg phytoene, 1·4 mg phytofluene, 0·4 mg b-carotene and 5 mg tocopherols. The placebo contained refined soya oil instead of the oleoresin component. The subjects were asked to take one capsule twice daily (30 mg lycopene/d) with meals and not to change their regular diet. Two blood samples (before and after treatment), and normal adipose and skin-tissue samples (after treatment) that would normally be discarded as part of the surgical procedure were acquired for analysis. The haemorrhoidectomy samples were 10-20 mm in diameter and included: normal skin, which is the external part of the haemorrhoid; the mucocutaneus junction, which includes the transitional zone between the rectum and the anal verge; the distal rectal mucosa, which covers the internal part of the haemorrhoid. Underneath these three parts lies normal adipose connective tissue that includes abnormal dilated veins. Fistulotomy entails 'unroofing' the normal tissue above the anorectal fistula. This tissue is composed of the same parts described for haemorrhoids; however, there are no dilated veins in the adipose connective tissue of the fistular tract. After completing the excision, the removed tissue samples were handled by regular scissor dissection to separate skin and adipose connective tissue. Sera and tissue samples were kept at 2 708C. The medical and laboratory personnel were blind to the treatment status of the blood and tissue samples.
Carotenoid extraction and analysis
Tissue homogenisation, extraction and analysis were performed as described previously (Stahl et al. 1993) under dim light to prevent photo-oxidation. Tissue was weighed, minced and homogenised (polytron) on ice. To improve carotenoid extraction, the homogenate was enzyme-treated in a phosphate buffer containing butylated hydroxytoluene and internal standard (b-apo-8 0 carotenal) as described by Wingerath et al. (1998) . The homogenate was incubated with collagenase type IV and lipase type VII for 2·5 h at 378C and subsequently with pronase E for 2·5 h under the same conditions. All enzymes were from Sigma Chemicals (St Louis, MO, USA). Triton X-100 was added for an additional 2·5 h. Serum samples were not enzyme-digested before extraction. Enzyme-digested tissues and sera were extracted with 6 vol. n-hexane -dichloromethane (5:1, v/v) containing 0·01 % (w/v) butylated hydroxytoluene. The samples were then centrifuged at 2000 g for 10 min at 168C, and 5 ml supernatant fraction was removed. The solvent was evaporated under a gentle stream of N 2 . The residues were dissolved in 180 ml HPLC mobile phase plus 20 ml dichloromethane. Chromatography of carotenoids was carried out using a Hewlett-Packard 1100 HPLC with a diode-array detector. A reverse-phase Suplex pKb 100 column (Supelco, Bellefonte, PA, USA) was used, with isocratic elution and a mobile phase consisting of methanol -acetonitrile -2-propanol (54:44:2, by vol.). A representative chromatograph of carotenoids from serum and tissue (skin) is shown in Fig. 1 . Three cis geometric isomers of lycopene were usually present. The main one, eluting immediately after the all-trans isomer, was 9-cis lycopene, followed by small amounts of 13-and 15-cis isomers. Carotenoid concentrations in extracts were calculated from calibration curves generated from the ratio of peak area of the carotenoids to that of internal standard (b-apo-8 0 carotenal). The same standards were used for the all-trans and cis isomers of lycopene and b-carotene. The intra-and interassay precision varied between tissues, and CV ranged from 5 to 15 %. The extraction recovery of the internal standard was . 75 % and the analysis detection limit was 0·01 nmol/g wet tissue. Under these HPLC conditions, lutein co-eluted with zeaxanthin. Standards for these two carotenoids and for b-cryptoxanthin were available only during the last year of the study and therefore the data presented for these carotenoids are from only part of the collected samples.
Statistical analysis
All results are presented as mean values and standard deviations. The results for lycopene are given also as median levels. The comparison between the placebo and the lycopene-treated groups was performed with the t test and the comparison of carotenoid values before and after supplementation was performed with the paired t test. The Pearson product correlation coefficient was employed to check correlations between tissue and serum concentrations.
Results
The study was completed by ninety subjects. Of these, fifteen were excluded due to lack of compliance or other reasons (Table 2) . From the seventy-five remaining subjects, thirty-five were in the lycopene group (receiving tomato oleoresin) and forty in the placebo group. The average length of treatment was 24 (SEM 3) and 25 (SEM 2) d for the lycopene and placebo groups, respectively, with a range of 6 to 52 d.
Serum lycopene concentration increased in all lycopenegroup patients but one, while in the placebo group the concentrations changed erratically (Fig. 2) . Table 3 displays both the mean and the median levels of lycopene. The similarity of the values of these two parameters suggests that the distribution of results is normal and supports our conclusions. Serum lycopene concentration after treatment was significantly higher (2·2-fold) in the lycopene group than in the placebo group (Table 3) whereas the concentration before treatment did not differ between the two groups. Tissue lycopene concentration was also significantly higher in the lycopene group compared with the placebo group, but the difference in concentration was smaller (1·6-and 1·4-fold for the skin and adipose parts of the tissue, respectively). A possible explanation for this difference is that a longer time is needed to achieve a steadystate level in tissues as compared with serum. However, there was no positive correlation between time of treatment and tissue concentration (not shown).
As shown in Table 4 , a small but significant increase was noted also in serum b-carotene and a-tocopherol concentration in the tomato-oleoresin-supplemented group, two compounds that are found at low levels in the tomato oleoresin. In the placebo group no significant change was found in any of the carotenoids (not shown). A difference in b-carotene tissue concentration between the two groups was found only for skin (0·235 (SD 0·035) nmol/g for the lycopene group and 0·165 (SD 0·022) nmol/g for the placebo group; P¼ 0·047). No significant difference between the lycopene and the placebo groups was found in the serum (Table 4) and tissue (not shown) concentrations of the other carotenoids. The significant increase in skin b-carotene concentration suggests that the accessibility to skin of this carotenoid, which is present at low levels in the oleoresin, is better than that of lycopene. In order to further analyse the accessibility of lycopene to tissues, the correlations between its serum and tissue concentration were calculated and compared with that found for b-carotene (Table 5 ). In the placebo group, under non-supplemented conditions, the r values for lycopene were similar to those of b-carotene. In contrast, the correlation after supplementation with tomato oleoresin was much weaker for lycopene than for b-carotene in both skin and adipose tissues.
The relative size of total body adipose tissue, which is indicated by BMI, may affect the concentrations and the distribution of carotenoids in serum and tissues because adipose tissue may act as a 'reservoir' for these lipophilic compounds. The latter assumption was tested by examining the relationship between BMI and lycopene concentration in the serum and tissues of patients supplemented with lycopene, but no correlation was found. An inverse association was suggested in the adipose tissue but the degree of association was very low (r 0·33).
The distribution of lycopene isomers between the all-trans and the sum of all the cis isomers is shown in * Lack of compliance was defined as more than a 35 % difference between the number of capsules that had to be taken and the number that was actually consumed. † A small number of patients (four in the lycopene group; one in the placebo group) reported sensitivity to the compound (mainly skin rash). Since it was not possible to ascertain if sensitivity resulted from the use of the compound, the participation of these patients was immediately discontinued. ‡ A gastrointestinal tumour together with a large part of the normal tissue had been removed in the past; this caused absorption problems that were manifested in very low blood and tissue carotenoid levels. Fig. 1 . Representative tracings of carotenoid chromatography from a serum sample (A) and a haemorrhoid skin sample (B). Samples are from a non-treated haemorrhoid patient. The samples were extracted and analysed as described on p. 761. IS, internal standard. Table 6 . Although, in the same way as tomatoes, the supplemented lycopene consists of more than 90 % all-trans isomer, lycopene supplementation did not significantly change the isomer distribution, which was 40 -50 % alltrans isomer in the serum and 30-40 % in both tissues. In contrast to lycopene, almost all of the b-carotene, more than 98 % in serum and 85 -90 % in both tissues, was present as the all-trans isomer.
Discussion
The main finding of the present study is that tomato-oleoresin supplementation increased lycopene concentrations in serum, skin and adipose tissue with the increase in tissue concentration being smaller than that in serum. Since this was a short-term study, these results may imply that a longer time is needed to achieve a new equilibrium between concentrations in serum and tissues. Regrettably, the time of intervention could not be extended as it was determined solely by clinical considerations. Indeed, after a longer intervention period (8 weeks), with a similar tomato extract containing 25 mg lycopene, it was found that the increases in plasma and buccal mucosa cells lycopene concentrations were significantly correlated (Richelle et al. 2002) . In a similar though shorter study (Paetau et al. 1999 ) (4 weeks as in the present study), using even higher lycopene supplementation (70 -75 mg), no such correlation between plasma and buccal mucosa cells was achieved for lycopene; however, good correlation was found for the other carotenoids. In agreement with this latter study, after supplementation with tomato oleoresin for a short time (average 25 d), the present study found good correlation between serum and tissue concentrations for b-carotene but not for lycopene. A good correlation between lycopene serum and tissue concentrations was found in the placebo group at the end of the intervention and in both groups before intervention, suggesting that equilibrium between serum and tissues can be achieved also for lycopene. and Porrini et al. (2002) found that the lycopene level in lymphocytes increased 2-to 3-fold after tomato purée supplementation for 2 -3 weeks. This increase was similar to that in plasma, and was much higher than that reported in the present paper and in the other studies discussed earlier. However, because lymphocytes are in direct contact with plasma these findings cannot be compared directly with the results for other non-blood tissues. An important question is whether the haemorrhoidectomy and fistulotomy samples are representative of other tissues. It should be emphasised that there was no clinical need for a dietary change for our patients and they were asked to continue their usual diet. The main problem in haemorrhoid tissue is the dilated veins, which do not exist in the fistulotomy samples. Since there were no differences in the average carotenoids levels in the two types of T, tomato-oleoresin; P, placebo. * For details of participants and procedures, see Tables 1 and 2 and p. 760.
samples and there were no pathological conditions in the surgically removed tissues it is reasonable to assume that the studied samples represent normal skin and adipose tissues. However, it should be understood that the distribution of carotenoids into other body tissues is not necessarily the same as in the skin and adipose tissues used in the present study. Adipose tissue in particular is a depot for fat-soluble compounds and its carotenoids composition is an indicator of long-term dietary exposure (Kohlmeier et al. 1997) . Thus, the conclusion reached with these tissues should be taken with caution when discussing other tissues. The increase in serum lycopene concentration after tomato-oleoresin supplementation was about 2-fold, which is in good agreement with previous reports on bioavailability of lycopene (Agarwal & Rao 1998; Paetau et al. 1998; Pellegrini et al. 2000; Olmedilla et al. 2002) . Supplementation with a-carotene, b-carotene or lutein (Olmedilla et al. 2002) resulted in increases in serum levels of 14-fold, 5-fold and 5-fold, respectively. In this latter study, which was a multicentre project involving 400 healthy male and female volunteers from five European regions, lycopene supplementation (from tomato paste) resulted in only a 2-fold increase in serum lycopene, similar to our results. Thus, plasma lycopene concentration does not increase to a great extent, as found for b-carotene, and usually does not exceed a concentration of 1 -2 mm. It should be stressed that although the duration of treatment was variable (from 6-52 d) most patients still showed an increase in plasma lycopene level. This is in agreement with previous studies with lycopene doses higher than 20 mg/d, in which a significant increase in serum lycopene level, up to 90 % of equilibrium levels, even after a week of supplementation was reported (Paetau et al. 1999; Edwards et al. 2003) . However, equilibrium of serum lycopene level was not reached in a very short time, especially with small doses. For example, with 5 mg/d, equilibrium was achieved only after 2 weeks of supplementation (Bohm & Bitsch 1999) . Thus, the fact that five out of thirty-five subjects were supplemented with lycopene for only about 1 week may have some effect on the variability of the results in the serum and even more so in the tissues. Variability in the results could also be due to differences in the basal tissue levels of lycopene, which were not measured. However, based on the large variations found in the basal blood level of both the placebo-and the lycopene-treated groups (Fig. 2) , it can be assumed that there is a large variability also in the tissue levels. This variability may be an effect of the different ethnic backgrounds of the patients, which influence their dietary habits, or seasonal variation that can change tomato-product intake. Variability in basal tissue levels can further explain the lack of correlation between time of treatment and tissue concentration. However, the similar distribution of basal blood levels in the placebo and the lycopene groups (Fig. 2) suggests that the variability in the results did not have a major effect on the ratio of tissue lycopene levels between the two treatment groups. The isomeric composition of plasma and tissue lycopene is significantly different from that of the tomato oleoresin and was not affected by supplementation. These results are in good agreement with previous reports examining isomer distribution in plasma after tomato-product supplementation (Holloway et al. 2000; Olmedilla et al. 2002) . However, in another study some increase in the all-trans lycopene isomer was detected after tomato-sauce supplementation (van Breemen et al. 2002) . A lack of change in isomer distribution after supplementation suggests that the cis isomers are preferentially absorbed (Boileau et al. 1999) , or that the all-trans isomer is changed to cis isomers in the acid gastric milieu, as suggested by Re et al. (2001) .
In conclusion, the present study demonstrated that lycopene supplementation, as a natural tomato extract, increased the concentration of lycopene in the human tissues measured. Thus, serum carotenoid concentration provides a measure, at population level, of concentrations in the skin and adipose tissue and probably for other tissues not sampled in the present study.
